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ABSTRACT 1 )
o8 received
A methodology is shown for predicting the effect of 0‘ 6 mon?yde
pulsed UWB communication waveforms on direct con- ' wt)
version quadrature (I/Q) receivers at baseband by 0.4
0.2

analysis or simulation, making use of mathematical
models of UWB pulses, of which several examples are
given. The unique characteristics of UWB pulses are
used to derive predictions of the UWB interference at
baseband using both time- and frequency-domain
calculations of the baseband filter’s response to the
pulses. The final result of this analysis is an estimate
of the rise in receiver noise level due to the UWB
interference.

1. INTRODUCTION

Along with the proliferation of wireless devices of all
kinds has come a demand for higher throughput, which
has generated interest in using UWB signaling tech-
niques and waveforms because of their bandwidth.
Also, interest is growing in the potential for combined
communications and localization using UWB as well
[1], leading to FCC approval of the use of UWB com-
munication devices between 3.1 and 10.6 GHz under
certain emission restrictions [2].

Inevitably the question of the coexistence of UWB
devices with other, conventional systems arises, since
the bandwidth occupied by a UWB pulse can span
portions of the spectrum presently allotted to various
conventional radio services. In this paper, a framework
is given for modeling the effect of a hypothetical UWB
signal on the baseband output of a direct conversion
(I/Q) receiver within the bandwidth of the UWB signal.

2. MODELS FOR UWB SIGNALS

Perhaps the simplest UWB communication pulse
waveform is the monopulse, an example of which is
plotted in Figure 1. Although it is an idealized wave-
form, it does serve to illustrate the important distinction
that must be made between transmitted and received
pulsed UWB waveforms, a distinction that is necessary
because the effect of the transmitting and receiving
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Figure 1. Monopulse UWB waveform (from [3])

antennas on the shape of the waveform as a function of
time is very noticeable, unlike the case of longer dura-
tion waveforms using carriers. Regarding the physical
generation of UWB waveforms, it is sufficient to note
that the transmitting antenna has the general effect of
differentiating the time waveform presented to it. As a
consequence the transmitted pulse does not have a DC
(direct current) value—the integral of the waveform
over its duration must equal zero. The pulse in Figure
1 satisfies this condition and therefore is a plausible
model for a UWB waveform.

A clear example of how the antennas affect the
UWB waveform is given in Figure 2, in which a
monopulse-like pulse is differentiated twice before
being received. Also shown is the reception of multi-
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Figure 2. Example of the effect of antennas on the
UWB pulse shape (from [4])



path components, a typical feature of received UWB
signals.

For analysis purposes, various idealized models
and generalizations of transmitted UWB pulse wave-
forms have been developed, including sinusoidal bursts
with various envelopes (representing multiple differ-
entiations of a monopulse, e.g.), and pulses based on
Hermite polynomials [5, 6]. Assuming a communica-
tion system based on modulating successive UWB
pulses, we postulate the following UWB signal:

2(1)= 4, Y u g(t-1T)) (M

where Ar is a transmission gain, 7, is the pulse
repetition period, the data {u;} are assumed to be inde-
pendent, zero-mean random variables, and the pulse
g(?) is a UWB pulse. For the assumed modulation, the
spectrum of this cyclostationary signal [7] is that for a
single UWB pulse, multiplied by a factor. Note that if
the data values {u,} are not random and zero-mean,
there is a periodic component of the UWB signal,
leading to lines in its spectrum.

Let the Fourier transform of the pulse g(¢) in (1) be
denoted G(w). For models of UWB pulses involving
sinusoidal bursts with various pulse envelopes, V(¢),
Table 1 gives the spectrum, |G(w)*, and autocorrela-
tion functions, as well as noise bandwidth By and 3-dB
bandwidth B;.

3. OUTPUTS OF AN I/Q RECEIVER

For an I/Q baseband receiver, the incoming signal #(¢)
is subject to zonal bandpass filtering, then I and Q
quadrature heterodyning to baseband using lowpass
filters with impulse response hy(f) to extract the I and Q
components of the signal, respectively. Thus, ignoring
the zonal filtering and using an asterisk (*) to denote
convolution, the receiver outputs are

1(1) =[ r(t)xcos(m,t+ @) |*h, (1) (2a)
Q(t):[r(t)x(—sin(a)‘,t+go))]*h0 (2) (2b)

where ¢ is an oscillator random initial phase. The
Fourier transforms of the quadrature components are

I(a)):%[e”’R(a)—a)c)+e’j“’R(a)+a)c)]H0(a)) (3a)
Q(a))=f[ej"’R(a)—a)c)—e”"’R(w+wc)JH0(a)) (3b)

where R(w) is the Fourier transform of the received
waveform. For example, assuming H, ()= H,(®)

and H, (o, +,)=0, if the received waveform is a

sinusoid r(f) = Acos(mt + @) at frequency f| = @,/2T,
the transforms of the quadrature components are

(o)~ %[e’”’é(a)+ o, —w,)+e’5(v-o, +a)C)J

c

xH,(0,-w,)
o 1)~ 1,(0 -0 )eos[ (0,01 0]

O(w)~ %[e”"é(a}—wl +0,)-e"f(o+o -0, )]
j

x<H, (o -o,)
< 0(1) :gHo (o, —a)c)sin[(a)l —a)c)t+(p}

Thus, for a sinusoidal signal, the I and Q receiver
outputs are sinusoids and can be related very simply to
the parameters of the receiver filter. However, when
the incoming signal has a very wide bandwidth, in
general the full expressions in (2) and (3) must be used
for analysis.

4. FREQUENCY AND TIME DOMAIN
RESPONSES TO UWB PULSE

Taking the inverse Fourier transform of (2a) with r(¢) =
g(f), we have the in-phase quadrature component of a
received UWB pulse at baseband given by

1 7B - 1 J
P (0= 5[ doe (3Gl

“
+ e’j‘”G(a)+CD¢ )]Ho (a)) }

where the range of integration is determined by the
baseband filter bandwidth, B. For B« w, /2x , the
expression in the brackets is practically equal to its
value for @ = 0, so the in-phase quadrature component
evaluates to

p, (1) = é[ej“’G(—a)‘,)+ G (0,)]

1 7B jot
X dwd"H,(o)
:Re{e’”’G(a)c)}ho(t) (%)

For example, if the UWB pulse is modeled by an N-
cycle sinusoid with a rectangular envelope, the in-
phase response is given by

. 2sin(No,T/2+¢)sin(No,T/2
LY Jsin(Va,T /2)

, [1—(0){, /o, )2]

hy(c)  (6)

Similarly, based on (2b), the cross-quadrature com-
ponent is formulated as
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Spectra and autocorrelation functions for UWB pulse waveform models.
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For B w, /2x, the expression in the brackets is

practically equal to its value for @ = 0, so the cross-
quadrature component evaluates to

po (1) 2[G(-w,) - "G(w,)]
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For example, if the UWB pulse is modeled by an N-
cycle sinusoid with a rectangular envelope, the in-
phase response is given by

. 2cos(Nw,T/2+¢)sin(No,T/2)

po (1) = a),[l—(a)c/a),)z]

Now we consider the response of the receiver to the
UWRB pulse using time domain expressions. Since the
interval of integration is very short compared to the
duration of the baseband filter response, we can sub-
stitute the following approximate expression in the
convolution integrals in (2a) and (2b):

- ho(t_NT)_ho(t)
hy(1—=7)~h,(t)+7- NT (10)

=h,(t), 0<z<NT

ho(r)

This approach gives the following in-phase quadrature
response to the UWB pulse:

p, (1) b, ()], dr g (e)cos(@.7+p)
=h, (t)J: dr g(f)cos(a)cz' + go)
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Similarly, the following cross-quadrature response is
found as

Po (t) ~-h, (t)IONT dr g(r)sin(a)cr+q))

=—h, (1)[ " dr g(r)sin(o,r+0)

~h, (t){%ef‘”G(—a)c)—%e”’G(a)c )} (12)

This approximation based on the time domain calcula-
tion is in perfect agreement with the one based on the
frequency domain calculation.

Example: for 1/7=4GHz and f. = 5 GHz, the quadra-
ture components of the N-cycle sinusoidal pulse are
given by

p, (t) = —(1.4x10™" )sin(5N7 /4 + )
xsin(5N/4)h, (1)
and
po (1) = —(1.4><10“°)cos(5N7z/4+(p)

xsin(5N7/4)h, (1)

A plot of p,(?) for this numerical example is shown in
Figure 3, assuming a narrowband signal data rate of
1/T, =20MHz and an ideal (rectangular) lowpass

filter.

5. ESTIMATED RISE IN RECEIVER NOISE
LEVEL

Using the foregoing methodology, the response of a
narrowband direct conversion receiver to the UWB
signal in (1), expressed using complex notation, is the
interference waveform given by (1) with g(¢) replaced
by pA?) +jpo(?). 1and Q UWB interference waveforms
are given by
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Figure 3. Numerical example of baseband response to
UWRB pulse.
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2, ()= 4,3 wp, (1-1T,) (13a)
2o ()= 4,3 u,py (1-1T,) (13b)

where Ay is the received amplitude of the UWB pulse.
These expressions are typical for cyclostationary data
communication waveforms [7], except that a number of
baseband interference pulses overlap at a given time,
depending on the UWB signal’s pulse rate.

Note that, since the bandwidth of the response to
the UWB pulses at baseband is just the bandwidth of
the receiver, a simulation of the UWB interference
does not need to use the very high sampling rate that
would be required to reproduce the unfiltered UWB
pulse waveform.

Given the phase ¢, the average power (variance) of
the I-component of the UWB interference is

o} ((p) = A4; Re’ {e’j“’G(a)c )} ol X

where o is the variance of the UWB modulation
symbols and

1 (n2 & 1
X:FMLM/Zl;hg(t—zTu)dﬁFujmhj(t)dt (14)

By Parseval’s theorem [8, 9], the integral in (14) equals
the area in the frequency domain under the curve
|Hy(w)?, which by definition equals |Hy(0)]* times the
equivalent rectangular (noise) bandwidth of the filter,
By. Thus we have

o2 (p) = TLA; Re* {e G (w,)} o |H, ()] By (15)

u

This expression is conditioned on the oscillator phase,
which can be expected to vary for different instances of
UWB transmissions. Therefore it is reasonable to
average it over the assumed uniform distribution of the
phase. To perform this average, we note that

E, {R62 {e7°G (o, )}} =E, {‘Re{e’”G(a)‘, )}‘2}

=E, {1m?*{e*G(a,)}} (16)

~l6(@)

Therefore, the unconditional variance of the UWB
interference in both I and Q quadratures of the receiver
baseband is given by

2 2
o

u

AZ
o} =0, =-2|G(®,)

21,
This quantity can be compared with the variance of the
receiver noise samples, which equals NyBy, so the
equivalent rise in the noise spectral density of the

H,(0) B,  (16)

receiver due to the UWB interference is (16) divided
by the bandwidth.

Note that the expression for the UWB interference
power in (16) accounts for the number of UWB pulses
per data symbol of the affected communication system
because it is proportional to the UWB pulse rate.

6. CONCLUSION

A methodology was shown for evaluating or simulating
the effects of UWB pulsed communication waveforms
on narrowband direct conversion receivers. The
theoretical results in this paper establish a reference
with which to compare simulation results. Further
work on this topic that is needed include:

e  Statistical characterization of the net UWB inter-
ference at baseband by theory and simulation. In
this paper we have analyzed the power levels only.

o Inclusion of multipath effects. Since UWB pulse
arrivals are very often accompanied by multipath,
the UWB interference power in (16) should be
increased by some factor to reflect the charac-
teristics of the multipath environment that pertains
to the coexistence scenario. Methods for deter-
mining such a factor are the subject of further
research on this topic.
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